Abstract|An absolute frequency measurement of a CO 2 =OsO 4 secondary frequency standard, operating in the mid infrared, is reported. A brief description of the measurement chain linking this standard to a hydrogen maser evidences the critical points. The measured frequency stability shows that the measurement system reaches the icker oor of the frequency standard, below the 10 ?14 level.
I. Introduction I N our laboratory the last absolute measurement of the frequency of a CO 2 laser stabilized on the absorption of OsO 4 was performed more than ten years ago 1], with a claimed uncertainty of 2 10 ?12 , and con rmed by international comparison a few years later 2]. This laser was subsequently used as a frequency standard for the measurement of several frequencies in the near infrared 3], in the visible range 4] and in the ultraviolet 5] .
During the last decade the frequency stability and the reproducibility of the CO 2 =OsO 4 frequency standard have been continuously improved 6], but until now the absolute measurement of this secondary standard has not been repeated, either in our laboratory or elsewhere.
The CIPM has recently recommended the radiation of this stabilized laser as secondary frequency standard for the mise en pratique for the de nition of the metre 7] . It is therefore important for frequency metrology in the optical domain to perform an absolute measurement of the CO 2 =OsO 4 frequency standard.
To accomplish this measurement, the frequency multiplication chain described in 1] was renewed, and we can now report the result of a measurement with uncertainty in the 10 ?13 range.
II. System description A simpli ed schematic of the measurement chain is shown in Fig. 1 .
The rst block is a replica of the microwave synthesizer that was originally developed for the BNM-LPTF atomic fountain primary frequency standard 8]. The output frequency is xed at 9.190 GHz by phase locking the master quartz oscillator to a hydrogen maser. The frequency of the maser is periodically compared against the BNM-LPTF primary frequency standard, which has a claimed uncertainty of 2 10 ?15 9]. The microwave synthesizer also delivers 10 MHz and 100 MHz signals which, via distribution ampli ers, are used as frequency references throughout the measurement chain. The formic acid optically pumped far infrared laser (OP-FIRL), operating at 716.157 GHz, is phase locked to the 78 th harmonic of the microwave synthesizer by means of Schottky diode mixer M1. A detailed description of this part was previously published 10]; here we only recall that this laser can remain locked for several hours and exhibits a sub-Hz line-width.
The Schottky diode mixer M2 generates the di erence between the 6 th harmonic of the 716.157 GHz, the microwave at 45.34 GHz from a gunn oscillator, and the signal of a CH 3 OH OPFIRL at 4.25 THz. The gunn oscillator is phase locked to the 5 th harmonic of 9.19 GHz. The beat note at this point exhibits a signal to noise ratio of at least 20 dB in a 10 kHz bandwidth, which is not enough for direct counting; however, it is su cient to steer a tracking oscillator.
The MIM diode M3 generates the beat signal between the 7 th harmonic of 4.25 THz, the radiation of the 636 CO 2 transfer laser and the 9.19 GHz from the microwave synthesizer. This 9 th order mixing, where a signal to noise ratio of at least 20 dB in a 10 kHz bandwidth is required, is the most critical point of the chain. Ninety percent of the radiation of the CH 3 OH OPFIRL is focused on M3 by an o -axis parabolic mirror; the risk of thermal damage to the whisker during the set up procedure is quite high, but when a stable contact is found, it will last for several hours.
The optical switch represented in the schematic is realized by superposing the beams of L1 and L2 CO 2 =OsO 4 frequency standards using a beam splitter. both beams are then focused onto the MIM diode M4. A beam stop in the optical path before the beam splitter blocks either the beam from L1 or L2. The beat signal obtained in M4 between the selected standard, the radiation from the formic acid OPFIRL and the 636 CO 2 transfer laser is then used to phase lock the latter to the selected frequency standard. As the mixing order is 3, the power of the laser radiation can be kept low, ensuring very stable behavior of the MIM diode, with a signal to noise ratio higher than 30 dB in a 10 kHz bandwidth. Moreover this beat note is downconverted and cleaned with a tracking oscillator. The output of the tracking oscillator is then mixed with a 172.5 MHz signal. The resulting beat note at 22.5 MHz drives a frequency divider that increase the virtual dynamics of the phase comparator, ensuring phase locking without cycle slips even in case of poor control bandwidth.
The system devoted to routine comparisons between the two frequency standards, an acousto-optic crystal that shifts the frequency of L2 by 41 MHz and a HgCdTe detector M5, is used to measure of the relative frequency of the two standards. Owing to the high signal to noise ratio, this signal is simply ampli ed and band pass ltered before entering the counter. To allow the second frequency standard to operate on a line di erent from 10R(10), mixer M5 can be replaced by a third MIM diode, mixing the two lasers with the radiation from a klystron oscillator, phase locked to the 100 MHz reference from the microwave synthesizer.
The frequency of the CO 2 =OsO 4 standards, taking into account all the synthesizers involved in the chain, is given by the relationships 
The absence of cycle slips in the PLL of the tracking oscillators was checked with the usual technique of comparing the frequency of two oscillators with di erent bandwidths 4]. A further veri cation comes from the fact that the measured frequency does not change when the signal to noise ratio is reduced by decreasing the power of the CH 3 OH laser.
To ensure long term operation, the CH 3 OH OPFIRL was frequency locked to the 636 CO 2 transfer laser. At present we are not able to properly phase lock this laser to the 636 CO 2 laser, due to poor control bandwidth. Work is in progress to implement a phase lock using frequency division and frequency stabilization of the pump laser with the technique described in 10]. This new con guration, where only one beat signal has to be measured, will open the possibility of using a reciprocal counter, which has greater resolution than the classical counter, but can not be precisely synchronized. In this way the actual limit to the resolution with 1 s gate time will be overcome.
III. Results
To demonstrate the performance of the system, Using the data of Fig. 2 , and a shorter run with a gate time of 1 second, we have calculated the square root of the Allan variance y ( ) reported in Fig. 3 . For clarity, only the stability of standard L1 is reported, L2 being very similar. It is evident that the icker oor of the CO 2 =OsO 4 frequency standard, around 10 ?14 for line 10R (10) , is reached for an integration time of about 100 s, while for shorter integration times the noise of the measuring system becomes preponderant; in the same run y ( ) at 10 s of the beat signal between the two CO 2 =OsO 4 At present we can report the result of four days of measurement, over a period longer than one month. Fig. 4 shows, for each day of measurement, the average frequency of L1 and L2. These points are obtained by averaging the results of all the signi cant runs of the day. During this period the peak to peak frequency uctuation, considered as an independent sample all the available results, was about 40 Hz for L1, while L2 was more stable, about 10 Hz. The superior stability of L2 is a con rmation of a earlier international comparison 11]. It is important to notice that L2 was used as the operating standard in all the recent frequency measurements in the optical domain made in our 
Taking as rough limit to the uncertainty the peak to peak dispersion of the measurement actually available, by averaging the preceding results, we can conclude that the expected frequency of the CO 2 =OsO 4 frequency standard, operating in the 10R(10) line under \standard conditions" 6] is CO2R(10)=OsO4 = 29 054 057 446 572 20 Hz (5) We recall that this value holds for a pressure of 0.13 Pa and an intra-cavity power of 100 W, giving a contrast of 5.8 %.
The 10R(10) line was measured rst, to verify the traceability with the previous measurement 1], but the transition of OsO 4 , recommended by CIPM 7] , is in coincidence with the line 10R(12) of CO 2 . Therefore, during a few runs of the third day of operation mixer M5 was replaced by a MIM diode to allow the measurement of laser L2 on line 10R(12). Despite the small number of statistically independent points, from physical considerations we can assume for this line the same reproducibility as 10R (10) and thus claim the same uncertainty CO2R(12)=OsO4 = 29 096 274 952 252 20 Hz (6) In this case, for standard conditions, the line contrast is 1.8 %.
IV. Conclusions
Comparing the actual measure of the frequency of the BNM-LPTF CO 2 =OsO 4 secondary frequency standard with the value measured in 1984, gives CO2R(10)=OsO4 (98) ? CO2R(10)=OsO4 (84) = ?87 Hz (7) This shift of just more than 1 across 15 years and an almost total rebuilding of the system demonstrates the excellent metrological performance of the CO 2 =OsO 4 frequency standard.
The present, conservative, uncertainty can be greatly reduced by obtaining for system L1 the same reproducibility as system L2. If the next campaign of measurements shows that L2 is stable throughout several months, the \new" frequency of L2 can be used to adjust the value of the measurements 3], 5] relying on this standard.
The measured frequency stability demonstrates the capability of comparing microwave and mid infrared frequency standards at the 10 ?14 level. The use of a more stable transition, like the fundamental R(42) A1 ( In 1986 he started a small company which produces electronic ight instrumentation for hang gliders and o ers help with measurement and software problems in a consulting arrangement. He joined the LPTF in 1989 where he was involved in the realization of an optically pumped primary cesium beam frequency standard. After a rst evaluation on the thermal standard in 93, he began to work in frequency synthesis, with the goal of improving the synthesizer for the new fountain and for the measurement of frequency in infrared and visible region.
